In the present work, the spray structure of diesel from a 200-µm, single-hole solenoid injector is studied using microscopic imaging at injection pressures of 700, 1000 and 1400 bar for various gas pressures. A long-distance microscope with a high resolution camera is used for spray visualization with a direct imaging technique. This study shows that even at very high injection pressures, the spray structure in an ambient environment of atmospheric pressure reveals presence of entangled ligaments and non-spherical droplets during the injection period. With increase in the injection pressure, the ligaments tend to get smaller and spread radially. The spray structure studies are also conducted at high gas pressures in a specially designed high pressure chamber with optical access. The near nozzle spray structure at the end of the injection shows that the liquid jet breakup is improved with increase in gas density. The droplet size measurement is possible only late in the injection duration when the breakup appears to be complete and mostly spherical droplets are observed. Hence, droplet size measurements are performed after 1.3 ms from start of the injection pulse. Spatial and temporal variation in Sauter Mean Diameter (SMD) is observed and reported for the case corresponding to an injection pressure of 700 bar. Overall, this study has highlighted the importance of verifying the extentof atomization and droplet shape even in dense sprays before using conventional dropsizing methods such as PDPA.
INTRODUCTION
The modern diesel engine development is governed by fuel efficiency and low emission requirements. The Common-Rail Direct Injection (CRDI) system with high injection pressure and small nozzle size has enhanced fuel efficiency and decreased emissions by improving the atomization characteristics of the fuel spray. The diesel spray atomization has been studied by several researchers with different diagnostic tools and mathematical models [1, 2, 3] . The experimental investigation of diesel sprays is very challenging due to the extremely high injection pressures (of the order of 2000 bar and higher) and the highly transient nature (spray duration is of the order of a few milliseconds). This leads to very dense sprays with high droplet density and high droplet velocity. This also makes modeling of diesel sprays difficult in the absence of experimental data for model validation.
The diesel spray is typically characterized by measurement of parameters such as spray tip penetration, spray cone angle, droplet size and velocity. The first two characteristics, tip penetration and cone angle are relatively simple to obtain using photographic techniques. However, the droplet size and velocity measurement pose difficulty due to presence of the dense liquid core. Moreover, the spray structure in the dense part of the spray is not completely understood due to limitations of conventional diagnostic techniques. Many attempts have been made to probe the core of the spray with limited success. Initial studies on the spray structure and breakup length of diesel spray were performed using conductivity measurements [1] . This has shown that the breakup extends up to 120 nozzle diameters under conditions of enviornment being at atmospheric pressure. This region is observed to contain a large void fraction indicating presence of ligament dispersion. Laser sheet techniques have been used to study the microscopic structure inside the spray core [2, 4, 5, 3] . Badock et al. [4] used the laser sheet technique to study cavitation inside the injector nozzle and the near nozzle spray structure. The presence of intact liquid core exiting the nozzle was seen from the laser sheet images. Shadowgraphy images were inconclusive as the liquid core was surrounded by ligaments and atomized droplets. However, when the optical density of surrounding droplets was not high, clear images could be obtained from shadowgraphy. The laser sheet technique was found to resolve the initial spray tip development and end of injection event whereas the core of the spray could not be resolved due to multiple scattering of the laser light [5, 3] . A ballistic imaging of the near nozzle structure for diesel sprays has shown presence of a dense core of ligaments [6] . Due to presence of the highly dense liquid core, most of the diagnostics techniques have failed to give physical insight in to the mechanism of primary atomization. Shadowgraphy (direct imaging) and ballistic imaging have been able to reveal some internal structure of the dense core of the spray. Recently, microscopic imaging (direct imaging) technique has been used to study the near nozzle spray structure [7, 8, 9] . This has been possible due to availability of high resolution cameras and long distance microscopes. Crua et al. [7] used high speed microscopic imaging to study the near nozzle spray structure and primary breakup of diesel sprays. The time-resolved measurements on the microscopic diesel spray structure were used by Sedarsky et al. [9] to extract the velocity of ligaments and asymmetric spray structure to understand the injector flow dynamics. Microscopic imaging has proved to be a very effective tool in understanding the primary breakup of the diesel sprays.
The droplet size measurement technique based on the Fraunhofer diffraction of a laser beam has been used extensively [10, 11, 12] . This is a line-of-sight technique and droplet size measurements are averaged over the length of the laser beam, the diameter of which typically ranges from 5 to 10 mm. However, due to multiple scattering from droplets, laser beam attenuation and line averaging, Fraunhofer diffraction technique can give rise to errors in droplet size measurement [13] . The droplet size and velocity measurements can be simultaneously obtained using a Phase Doppler Anemometry (PDA) technique. The PDA is widely used in diesel spray characterization due to high accuracy in measurements and applicability in dense sprays [14, 15] , however multiple scattering and beam extinction pose difficulty while collecting enough number of samples in dense sprays [16, 17] . The PDA droplet size measurement is based on an assumption that the droplet is spherical and for non-spherical droplets, this leads to an error in dropsize measurement [17, 18] . While there are other new techniques such as Interferometric Laser Imaging for Droplet Sizing (ILIDS) [19, 20] , they are also based on the assumption of droplets being spherical in shape. Using a high resolution camera and appropriate image processing, it is possible to image very small droplets (∼ 7 µm) to obtain droplet diameter and shape parameters using the Particle Digital Image Analysis (PDIA) technique [21, 22] . Kashdan et al. [23] compared the PDA and PDIA techniques for droplet size measurement in a hollow cone spray. PDIA spray data was in very good agreement with the PDA measurement. Recently, the PDIA technique has been used extensively to image various kinds of sprays [9, 24] . Blaisot et al. [24] used PDIA technique to measure droplet size and shape parameters at the edges of a diesel spray. They reported that at 30 mm below the nozzle tip, droplets were still evolving into a spherical shape. The PDIA technique was used by Goldsworthy et al. [25] to compare the effect of fuel viscosity on spray structure and SMD (SMD -which is the diameter of a droplet having the same volume to surface area ratio as the spray) at high injection and gas pressures. Droplets with diameters in the range 5-70 µm were visualized with their setup. Their results indicate that at the core of the diesel spray there may be presence of non-spherical droplets and ligaments.
The focus of this work is to study the microscopic structure of high pressure diesel sprays in order to ascertain the extent of atomization and shape of droplets as a function of space and time. The spray structure for diesel fuel at high injection pressure is studied, both under quiescent ambient environment conditions and in a high pressure spray visualization chamber. These studies are conducted using the shadowgraphy technique with a high power laser and a long distance microscope.
EXPERIMENTAL SETUP
A 200-µm, single-hole solenoid injector is used in the present study. The nozzle is straight-hole type machined using EDM process. The spray injection facility is developed using a BOSCH second generation CRDI system. A CP1H high pressure fuel pump is driven by a variable speed induction motor. In addition to selecting the pump speed, the injection pressure is controlled using a needle valve mounted on a common rail and a metering valve on the CP1H pump. The solenoid injector is controlled using a Stand Alone Diesel Injector (SADI) controller (DRIVVEN Inc.). The fuel temperature is maintained using a temperature controlled bath. The fuel used is petroleum diesel with dynamic viscosity of 4 cP@40 °C and surface tension of 23 mN/m@30 °C.
The optical setup for shadowgraphy consists of a pulsed Nd:YAG laser (400 mJ/pulse, 10 Hz), a fluorescent diffuser, a collecting lens, and a CCD camera with a resolution of 1600 × 1200 pixels (7.4 µm/pixel). A pulse duration of 10 ns is used. The schematic of the experimental setup is shown in Fig. 1 . The spray structure at various time instants from the start of injection is visualized. The spray is injected in a quiescent ambient condition at an injection frequency of 1 Hz.
The spray structure is visualized using a long distance microscope (QM1, Questar Inc.) which has a working distance of 0.52 m to 1.5 m. Minimum field of view of the microscope with 2X magnification lens is 1.5 mm × 1.5 mm at a working distance of 52 mm. The field of view for the spray structure visualization is 2.5 mm × 1.9 mm which gives a resolution of 640 pixels/mm (1.56 µm/pixel). The depth-of-field of the imaging system was measured using a calibration target. The calibration target has circular dots etched on a transparent material with diameters ranging from 5 µm to 200 µm. This target was moved in either direction of the focal plane in pre-defined steps to find the DOF values for various particle diameters Due to high density of the diesel spray, the visualization of the spray structure becomes very difficult as most of the light gets attenuated inside the core of the spray. With low intensity backlight, the spray structure image shows only the outline of the spray. If the background light is strong enough to penetrate through the dense part of the spray, the spray structure can be imaged in the focus plane using a high magnification lens. This was achieved in the present work using a high-powered Nd:YAG laser (400 mJ/pulse, 532 nm wavelength). The laserbeam with 10 mm diameter was expanded to just over 20 mm diameter using the spherical lens. This laser beam was used to fluoresce a dye (Rhodamine) plate to produce a uniform background. It was observed that at relatively low laser energy(< 200 mJ/pulse), the intensity of the background light was not sufficiently high to obtain 
Figure 1:
Experimental setup for spray structure visualization and droplet size measurement.
a focused image of the spray structure in the dense core region. Hence, for all the experiments, high laser energy(> 350 mJ/pulse) was used. A constant volume spray visualization chamber is used to study the spray structure under various gas pressures. The optical access inside the high pressure chamber is provided through 30-mm thick quartz windows. The visualization window size is 50 mm × 30 mm. This optical spray chamber can be used for gas pressures up to 60 bar and temperatures up to 700 K. In this study, the chamber was filled with nitrogen gas at room temperature (30 °C). The single-hole injector was mounted on the top plate of the chamber such that the nozzle tip was visible from the optical window. The bottom plate is 150 mm below the nozzle tip. To reduce spray impingement and rebounding of the droplets, the bottom plate was covered with a high capacity sorbent (3M) and a cotton sheet. A more detailed description of the facility is provided elsewhere [26] .
RESULTS
The tip penetration of diesel spray under various gas pressures is shown in Fig. 2 . The tip penetration is with reference to start of the energizing (SOE) pulse to the solenoid injector. The tip penetration was measured inside the high pressure spray chamber described above using a high-speed camera (54794 Frames/sec) at an image resolution of 0.3225 mm/pixel [27] . The spray was injected at a frequency of 5 Hz, and 10 consecutive sprays showed negligible spray-to-spray variation in the overall spray structure at same time after start of injection. The spray tip penetration data was recorded upto 45 mm below the nozzle tip. The time interval between two images was International journal of spray and combustion dynamics · Volume . 6 · Number . 2 . 2014 203 tim P inj 1000 bar, P gas = 1 bar P inj 1000 bar, P gas = 10 bar P inj 1000 bar, P gas = 20 bar P inj 1000 bar, P gas = 30 bar 
Figure 2:
Spray tip under various ambient gas densities.
18 µs with 2 µs being the exposure time. The tippenetration for each set of experiments is calculated based on anaverage of measurements from 5 × 7 spray events. The maximum variation in tip penetration from one spray event to another is ±1.0 mm. Figure 3 shows the tip velocity of the diesel spray at various gas densities derived from the spray tip penetration data. The spray tip velocity depends on velocity of the liquid jet exiting the nozzle and the gas pressure. The velocity of the liquid jet exiting the nozzle increases as the needle opens. This velocity then remains constant during the injection duration before closing of the nozzle hole.
At low gas pressures, the tip velocity increases initially. For gas pressure of 10 bar, the tip velocity remains constant around 220 m/s and then decreases. This is due to resistance offered by the gas to the tippenetration. At higher gas pressures, 20 bar and 30 bar, the tippenetration velocity decreases to 100 m/s after start of the injection. From the jet break-up process for steady injection of liquid through a single-hole nozzle, it is expected that the atomization regime starts when the gas Weber number exceeds 40.3 [28] . The gas Weber number is given by the equation : (1) where V is the relative velocity between the gas and the jet, σ is the liquid surface tension (0.023 N/m for diesel) and D is the nozzle diameter. We assume that the gas
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entrainment velocity is small compared to that of tip penetration velocity [29, 30] . With tip penetration velocity of 65 m/s under ambient gas pressure, a gas Weber number of 41 is obtained for nozzle diameter of 200 µm. Above a gas density of 11 kg/m 3 , this Weber number is achieved for a jet velocity of 20 m/s. From Fig. 3 , we can conclude that the breakup regime of the diesel spray is in the atomization regime at injection pressures used in the present study. The diesel spray structure is studied at injection pressures of 700, 1000 and 1400 bar and injection duration of 0.5 ms. The injection delay (time from start of the energizing (SOE) pulse given to the solenoid to the time when actual spray is observed near the nozzle tip) is 0.42 ms for 1000 bar injection pressure and injection continues for 0.7 ms after the injection pulse is over. Figure 4 shows the overall diesel spray structure for an injection pressure of 1000 bar at different time instants from start of the injection pulse. The spray structure after 1 ms shows a compact dense core of the diesel spray which gets dispersed after 1.5 ms. At this time, the spray injection is completed and a dense region consisting of droplets is observed to persist. The spray structure at 2.0 ms shows a more dispersed spray (Fig. 4) .
The near nozzle structure of the diesel spray at 1000 bar injection pressure is shown is Fig. 5 . The injection starts at 0.42 ms after start of the injection pulse, marked by the appearance of the jet at the tip of the nozzle. Ahead of the spray tip, a small cloud of the droplets can be seen in the 0.45 ms image. This is created by the fuel film present Diesel spray structure under atmospheric condition at various time instants from SOE and injection pressure of 1000 bar.
on the inner wall of nozzle from the previous injection which atomizes due to the air jet travelling ahead of liquid jet when the needle starts to open the nozzle. With time, the liquid jet moves ahead of this droplet cloud and spray structure for the current injection evolves [31, 32, 33] . As the injection continues, the dense core of the spray is seen as shown in the image at 0.7 ms in Fig. 5 . At the edges of the spray, the presence of very small droplets and ligaments can be observed. Due to the high liquid volume fraction at the core of the spray, no further information could be gained at this instant. At the end of the injection event, at a time of 1.2 ms, intact liquid ligaments are observed. This may be due to low velocity of the liquid jet coming from the nozzle at the end of the injection event. The magnified view of the spray structure at various spatial locations along the spray center is shown in Fig. 6 . The field of view is 2.6 mm × 2 mm and images are taken at 0.9 ms from start of the injection pulse. These images are captured using a fluorescent dye illumination of duration of around 20 ns and hence represent nearly frozen in-time images of the spray structure. The depth-of-field for this setup is 0.6 mm. The droplets and ligaments within this depth of field are imaged with a sharp intensity gradient at the boundary while droplets outside the depth-of-field are imaged with a relatively lower intensity gradient. Using the image processing algorithm, provided by DaVis Software [34] , sharp images of the droplets and ligaments are obtained by discarding the background consisting of droplets with lower boundary gradients from out-of-focus droplets.
The near-nozzle structure shows the liquid jet surrounded by small ligaments and droplets formed as a result of shear. Further downstream, the spray is observed to spread radially, and ligaments in the spray core become visible. The optical density at the spray core remains high till a distance of 50 mm from the nozzle. Based on the images taken at 15 mm and 30 mm, the liquid volume fraction at the edges is observed to decrease with distance from the nozzle tip. After a distance of 50 mm, ligaments in the spray core are clearly observed, and the radial spread of the spray is 2.5 mm at a distance of 100 mm. It is interesting to note the presence of large ligaments even at 100 mm below the nozzle tip, corresponding to a distance of 500 nozzle diameters. At this distance, though these ligaments do not appear to be connected, primary atomization cannot be assumed to be complete. With increase in the distance from the nozzle tip, liquid concentration is reduced in the spray core and ligaments are clearly visible. densely packed ligaments and droplets. At the periphery of the tip, small ligaments of size 50 -100 µm (with thickness around 20 µm) are present. As the tip passes the field of view, a dense core of the spray behind the tip is visible at 0.7ms. Again, the central core is too dense but the edges show sheared ligaments and droplets undergoing secondary breakup. The width of the densely packed core is around 300 µm, and this core can be seen clearly in the 0.7 ms image. As time progresses, ligaments inside the core become visible. Images taken at 0.9 ms and 1.1 ms show presence of a dense liquid core and large ligaments. Around 1.2 ms from start of the injection pulse, the fuel injection ends. At a distance of 50 mm below the nozzle, this becomes evident from the absence of large ligaments in images taken at 1.3 ms. However, small ligaments and droplets undergoing secondary breakup are still seen at 1.3 ms. Very few ligaments and large droplets surrounded by a cloud of small droplets are seen at 1.4 ms. At 1.5 ms from the start of injection, only smaller droplets are observed. Figure 7 also reveals the arrangement of the ligaments in the core of the spray. It is observed that ligaments are entangled and generally observed to be oriented towards the direction of the tip penetration. It is expected that as time progresses, the spray is more dispersed at the core as the ligaments becomes stretched, thus accelerating the breakup process.
With increase in injection pressure, the ligaments associated with length scales of 50-80µm are formed inside the core as observed from Fig. 8 . These ligaments are observed to be uniformly distributed for an injection pressure of 1400 bar as compared to injection pressures of 700 and 1000 bar. At a lower injection pressure, larger ligaments are observed to be concentrated near the central axis of the spray. With increase in injection pressure, smaller ligaments are formed and observed to spread out radially. This reveals that the breakup process occurs simultaneously at the core of the spray and at the edges.
Spray structure at high gas pressure
The diesel spray structure is studied under high gas pressure condition inside the constant volume spray visualization chamber described earlier. The spraytip structure at start of the injection is shown in Fig. 9 for various gas pressures. An elongated ligament structure observed in front of the spray tip is formed by the fuel film on the nozzle wall from the previous injection. At the start of injection, this fuel film breaks and moves ahead of the liquid jet. This liquid forms ligaments and fine droplets in front of the spray tip. This structure is observed for a very short duration after start of the injection (< 20 µs). Soon, the liquid jet moves ahead of these ligaments and droplets; subsequently, spray from the current injection evolves. The images shown are instantaneous images from individual injection events. Due to a small variation in start of the injection event, the same phenomenon is not captured at all the gas pressures. With increase in gas density, the spraytip is observed to form a mushroom-like structure. The spray structure at the core of the spray at high gas pressures could not be visualized due to the very high droplet density. Images at the spray edges revealed only presence of fine droplets. Figure 10 shows the spray structure under gas pressure of 30 bar at 1 ms from SOE. It is clear from the near nozzle structure (Fig. 10a) and spray
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Studies on microscopic structure of diesel sprays under atmospheric and high gas pressures structure at 15 mm below (Fig. 10b) that the spray at this instant is very dense. Also, it is not possible to conclude that the spray consists of only spherical droplets and the presence of ligaments cannot be precluded.
The spray structure at the end of the spray injection event is shown in Fig. 11 . The effect of gas density on the breakup is evident in these images. Towards the end of the injection, the injection velocity is expected to be low. However, due to high gas density, atomization is improved. As mentioned earlier, with increase in gas density, the critical Weber number for atomization is achieved at a lower relative velocity. This effect can be clearly seen at the end of injection. The spray breakup at the end of the injection event under low atmospheric pressure condition shows large ligaments while, with increase in the gas pressure, smaller ligaments are formed. At a gas pressure of 20 bar, these ligaments are observed to disintegrate into droplets.
Droplet size measurement
The presence of a dense liquid core packed with ligaments is an important observation from the standpoint of droplet size measurement. In the presence of large ligaments, droplet size measurement becomes complicated. As mentioned earlier, fuel injection continues well after the injection pulse is over. Hence, as seen from Fig. 7 , even at a distance of 50 mm below the nozzle tip, the presence of large ligaments could be observed till 1.3 ms from SOE. An image taken at 1.4 ms shows presence of small ligaments along with large droplets undergoing secondary atomization. Conventional droplet sizing techniques, based on assumption that droplets are spherical, will fail to provide meaningful droplet size data at this location and time instant due to presence of a large number of ligaments and non-spherical droplets.
Previous studies have assumed that for high injection pressures, atomization is complete shortly after the spray comes out of the nozzle exit, and that only spherical droplets are present in the dense core of spray. This has led to use of various droplet sizing techniques for measuring droplet size in the core of the spray in the early injection period. All these techniques are based on the assumption that droplets being measured are spherical. However, as observed in the present study, this is not the case for sprays especially at atmospheric gas pressure condition. As seen from Fig. 7 , spherical droplets appear only after 1.4 ms from start of the injection pulse in the spray core. Non-spherical droplets and ligaments can lead to erroneous results in these measurements. A previous study by Hardalupas et al. [16] using PDPA technique in diesel sprays under atmospheric gas pressure condition has also reported difficulty in measuring droplet size in the spray core.
The authors reported that due to significant rejection of signal from the core of the spray, drop-size measurements could not be conducted during the early time period of the spray. The droplet sizing was conducted for a 180-µm nozzle at different axial and radial locations from the nozzle. It was found that with increase in axial distance from the nozzle tip, a longer delay was required from start of the injection pulse to obtain reliable drop-sizing data. They also reported that at distance of 60 mm below the nozzle tip, droplet sizing was possible only after 1.4-ms from the injection pulse. The loss in signal was attributed to the dense droplet cloud and high velocity of the droplets. Our observations confirm the findings of their study, and further show that dropsizing can not be attempted due to incomplete atomization and the presence of ligaments during the early time period of the spray. Magnified images of the diesel spray structure under atmospheric gas pressure condition show that reliable droplet sizing data can be obtained only late in the injection duration when all ligaments are broken down into droplets. Droplet size measurements under atmospheric gas pressure condition were conducted using the PDIA method incorporating a high resolution camera. High magnification is achieved using a long distance microscope and magnification lens. A typical field of view for this setup is 2 mm × 1.5 mm with a pixel resolution of 800 pixels/mm (1.3 µm/pixel). The depth-offield for the setup is 200 µm. This gives a measurement volume of size 2 mm × 1.5 mm × 0.2 mm. A minimum droplet size detectable with good accuracy for this technique corresponds to 5 times the pixel size(∼ 6.5 µm).
The droplet images obtained were processed using the DaVis software. Each acquired image had a different background illumination due to the dense spray core. To obtain a clear contrast, each image was first passed through a sliding filter to obtain a reference image. This reference image was used as a background image to normalize the raw image. The normalized image was then used to detect the droplet area by applying a threshold and a segmentation algorithm [35, 36] . After the particle segmentation, the shadow area of the particle was used to obtain the particle diameter. Figure 12 shows the raw image and the final image with the detected particles represented by circles. The droplet shape information can be obtained from the segmented images. The droplet shape information consists of maximum and minimum diameter.
In this study, the droplet shape is quantified using the centricity parameter, defined as the ratio of the shortest to longest axis of the droplet image. The droplets with centricity < 0.5 are considered to be highly deformed and ignored from the mean droplet diameter calculation. The droplet centricity data is useful to understand how droplets are evolving in the spray. The droplet centricity distribution at a location of 60 mm below the nozzle tip is compared at various time instants in Fig 13. It is interesting to observe that at 1.4 ms, a large number of droplets (around 40%) are associated with a centricity of 0.6 or less. These droplets are either evolving into spherical shape after secondary breakup or are undergoing secondary breakup. A small percentage of droplets has shown centricity below 0.3, which were presumed to be ligaments. At later time instants, more droplets were observed to be with centricity of 0.8 and above. At 2.3 ms from SOE, most of the droplets have centricity above 0.8.
The mean droplet diameter cannot represent a true picture of atomization when a large number of non-spherical droplets and ligaments are present in the measurement volume and are ignored in the mean diameter calculation. The criterion of minimum droplet centricity of 0.5 was used to select droplets for the calculation of mean diameter. It was observed that droplets with centricity < 0.5 were in the form of ligaments or large droplets breaking into smaller droplets. Applying this criterion was observed to have a negligible effect on SMD calculation (measurement error < 2% of SMD) after 1.3 ms from SOE. The measurement of droplet diameter at a location of 60 mm below the nozzle tip and at 1.3 ms from SOE has shown a large variation in the mean droplet diameter while selecting cut-off criteria for centricity due to presence of a large number of non-spherical droplets. The SMD increased by more than 20% when droplets with centricity higher than 0.3 (instead of 0.5) were considered for mean diameter calculation. The PDIA technique was calibrated by measuring the droplet diameters of known sizes etched on a transparent target. The error in detecting the droplet diameters in the range of 10 to 40 µm is 5%. This technique was also applied to measure the droplet size of mono-dispersed particles of diameter 15.5 µm suspended in a liquid solution, where the error in the measurement was found to be 3%. Overall, the maximum error in the droplet diameter detection with the PDIA technique is 5%.
Due to the high intensity of the backlight used, the PDIA technique was able to measure droplet sizes in a relatively dense part of the spray. The diesel spray droplet sizes are measured at 1.4 ms after start of the injection pulse. The number of droplets detected range from 15000 to 40000 for 100 spray events. The droplet distribution at a location of 70 mm below the nozzle tip along the axis of the spray is shown in Fig. 14. 
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Studies on microscopic structure of diesel sprays under atmospheric and high gas pressures The droplet distribution reveals that maximum number of droplets present are below 40 µm diameter. Very few droplets are observed to have diameter above 50 µm. The error in SMD due to rejection of droplets below 7 µm diameter was found tobe small (< 1 µm). The SMD values obtained from the PDIA measurement are similar to those reported by Hardalupas et al. [16] using PDPA measurements. The time variation of SMD in the spray core is shown in Fig 15. The SMD was measured at 60 mm and 100 mm below the nozzle tip at various time instants. With time, the SMD in the center of the spray drops from 35 µm to 25 µm. The SMD is 20% lower at 1.8 ms from start of the injection pulse at a distance of 100 mm as compared to that at a distance of 60 mm. This maybe due to secondary breakup of the larger droplets. However, late in the injection period, the SMD at 60 mm and 100 mm is similar, since during this stage, only droplets with small velocities are present and no further breakup occurs. Figure 16 shows the SMD variation along the radial direction of the spray at 60 mm below the nozzle tip. The SMD drops rapidly from 35 µm at the spray center to 14 µm at the edge of the spray. The larger droplets are concentrated more in the core of the spray resulting in higher SMD. The edges of the spray consist of smaller droplets (of diameter typically around 10 µm) and it is observed that SMD at this location varies very little with time. 
CONCLUSIONS
The present work deals with a microscopic study of the structure of diesel sprays at atmospheric and high gas densities. Specifically, the spray structure of diesel from a 200-µm, single-hole nozzle is visualized spatially and temporally at various injection pressures and gas densities. The spray structure under atmospheric gas pressure conditions reveals presence of large entangled ligaments and non-spherical droplets up to 100 mm from the nozzle tip. With increase in injection pressure, these ligaments become smaller and spread radially. For high gas densities, the atomization is observed to be significantly improved. One of the important observations of the present study is that the presence of liquid ligaments and non-spherical droplets renders infeasible any droplet size measurement till later time instants such as at 1.3 ms from start of the injection pulse. After this time instant, the centricity of a large number of droplets is observed to increase to 0.8, indicating that the breakup processes are nearly complete. At these time instants, the maximum number of the droplets measured using the PDIA technique are below 40 µm in diameter. Spatio-temporal variation in the droplet sizes using PDIA are also reported for diesel sprays.
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